Apoptotic death of alveolar macrophages observed during lung infection with Streptococcus pneumoniae is thought to limit overwhelming lung inflammation in response to bacterial challenge. However, the underlying apoptotic death mechanism has not been defined. Here, we examined the role of the TNF superfamily member TNF-related apoptosis-inducing ligand (TRAIL) in S. pneumoniae-induced macrophage apoptosis, and investigated the potential benefit of TRAIL-based therapy during pneumococcal pneumonia in mice. Compared with WT mice, Trail / mice demonstrated significantly decreased lung bacterial clearance and survival in response to S. pneumoniae, which was accompanied by significantly reduced apoptosis and caspase 3 cleavage but rather increased necrosis in alveolar macrophages. In WT mice, neutrophils were identified as a major source of intraalveolar released TRAIL, and their depletion led to a shift from apoptosis toward necrosis as the dominant mechanism of alveolar macrophage cell death in pneumococcal pneumonia. Therapeutic application of TRAIL or agonistic anti-DR5 mAb (MD5-1) dramatically improved survival of S. pneumoniae-infected WT mice. Most importantly, neutropenic mice lacking neutrophil-derived TRAIL were protected from lethal pneumonia by MD5-1 therapy. We have identified a previously unrecognized mechanism by which neutrophil-derived TRAIL induces apoptosis of DR5-expressing macrophages, thus promoting early bacterial killing in pneumococcal pneumonia. TRAIL-based therapy in neutropenic hosts may represent a novel antibacterial treatment option.
Streptococcus pneumoniae is the most preva lent pathogen, and is responsible for causing communityacquired pneumonia in humans. Despite the fact that all clinically relevant se rotypes of S. pneumoniae are susceptible against the most common antibiotics, S. pneumoniae remains a significant cause of morbidity and lethality worldwide (Welte et al., 2012) . There fore, the development of novel antibiotic independent therapeutic strategies is urgently needed to decrease the disease burden associ ated with pneumococcal infections of the lung.
Because of their pivotal role in bacterial phagocytosis and orchestration of innate im mune responses to bacterial infections, alveolar macrophages represent the first line of lung pro tective immunity against inhaled S. pneumoniae (Calbo and Garau, 2010) . Recruited neutro phils support macrophages in lung bacterial clearance during established pneumonia (Knapp et al., 2003; Herbold et al., 2010; Calbo and Garau, 2010) , and resident alveolar and lung macrophages, along with inflammatory recruited exudate macrophages, critically contribute to resolution of lung inflammation (Knapp et al., 2003; Winter et al., 2007) .
challenge. Importantly, we also show for the first time that treatment of neutropenic mice with agonistic antiDR5 antibody compensates for the lack of neutrophilderived TRAIL, and significantly improves survival of pneumococ cal pneumonia. This finding may be of great interest for future antibioticindependent immunomodulatory strate gies in immunocompromised patients at risk of acquiring bacterial infections. The implications of these findings will be discussed.
RESULTS
Trail / mice exhibit increased mortality and decreased bacterial clearance upon challenge with S. pneumoniae We initially examined the survival of WT and Trail / mice challenged with two different strains of S. pneumoniae, either causing focal pneumonia (serotype 19) or invasive pneumococcal disease (serotype 2) in mice. Trail / mice demonstrated a significantly increased mortality, relative to WT mice, after infection with serotype 19 S. pneumoniae ( Fig. 1 A) . Similarly, there was significantly increased mor tality of Trail / mice after infection with highly virulent serotype 2 S. pneumoniae compared with WT mice (unpub lished data). In line with the observed increased mortality, Trail / mice exhibited major defects in purging bacterial loads of S. pneumoniae in lung distal airspaces (Fig. 1 , B and C). Specifically, we observed a dramatic outgrowth of pneu mococci in the lungs of Trail / mice at 24 h until 72 h after infection, whereas WT mice were able to control bac terial spread in lung distal airspaces. Consistent with the increased mortality and decreased control of infection, Trail / mice displayed significantly increased lung leakage on day 2 after pneumococcal infection compared with WT mice (Fig. 1 D) . Together, these data show that TRAIL is indispensible for survival of pneumococcal lung infection in mice.
S. pneumoniae triggers increased TRAIL mRNA and protein expression in the lungs of mice
To determine how the kinetics of TRAIL expression re late to the extent of the bacterial infection, we next ana lyzed TRAIL mRNA and protein expression in the lungs of S. pneumoniae-infected WT mice. TRAIL gene expres sion was strongly induced at 24 h after infection, both in unfractionated bronchoalveolar lavage (BAL) cells and in lung tissue of WT mice challenged with S. pneumoniae (Fig. 2, A and B) . Moreover, TRAIL protein levels in BAL fluids increased 4fold over background (0 h) levels at 24 h after infection (Fig. 2 C) . These data illustrate that TRAIL is induced in the lungs of WT mice challenged with S. pneumoniae, and peak TRAIL expression coincides with the control of the infection in WT mice.
The observed differences in mortality and bacterial loads between WT and Trail / mice could be explained by differences in immune cell recruitment into the infected lungs. Thus, we next examined alveolar leukocyte recruit ment in WT and Trail / mice infected with S. pneumoniae.
An important feature of S. pneumoniae-induced lung infection is the rapid induction of apoptosis in alveolar macrophages within 24 h, resulting in a transient depletion of alveolar macrophages from distal airways (Paton, 1996; Rubins et al., 1996; Dockrell et al., 2003; Knapp et al., 2003; Maus et al., 2004 Maus et al., , 2007 Winter et al., 2007; Taut et al., 2008; Hahn et al., 2011b) . Inhibition of S. pneumoniae-induced macrophage apoptosis decreases lung pneumococcal clear ance, thereby promoting invasive pneumococcal disease pro gression in mice Marriott et al., 2005) . Conversely, activation of apoptotic cascades in macrophages and neutrophils limits pathogendriven inflammatory cas cades during pneumococcal disease (Marriott et al., 2004 (Marriott et al., , 2006 . Moreover, phagocytosis of apoptotic macrophages by lung macrophages downregulates the overall inflammatory response and decreases invasive disease progression of pneu mococcal pneumonia (Fadok et al., 1998; Marriott et al., 2006) . Together, these data suggest that macrophage apoptosis is protective in terms of limiting excessive proinflammatory responses during pneumococcal lung infections.
The TNF superfamily member TNFrelated apoptosis inducing ligand (TRAIL) exhibits a complex ligand/receptor crosstalk (Schneider et al., 2003) . In humans, four membrane bound TRAIL receptors have been identified, of which TRAILR1 (DR4) and TRAILR2 (DR5) are apoptosis inducing receptors, and TRAILR3 (DcR1) and TRAIL R4 (DcR2) act as "decoy" receptors because of absent or nonfunctional death domains (Ashkenazi and Dixit, 1999) . In mice, three decoy receptors, but only one deathmediating receptor for TRAIL, death receptor 5 (DR5), have been identified (Wu et al., 1999; Schneider et al., 2003) . Previously, a role for caspases and TNF superfamily member Fas ligand has been established in lung infection models (Ali et al., 2003; MatuteBello et al., 2005) . More recently, there has been emerging evidence for a role of TRAIL to induce apoptosis in leukocyte subsets (Katsikis et al., 1997; Renshaw et al., 2003; Zheng et al., 2004; Lum et al., 2005; McGrath et al., 2011; Zhu et al., 2011) , alveolar epithelial cells, and other host celltypes in models of LPSinduced acute lung injury, peritonitis (McGrath et al., 2011) , as well as viral and bacterial infections (Zheng et al., 2004; Ishikawa et al., 2005; Hoffmann et al., 2007; Brincks et al., 2008 Brincks et al., , 2011 Stary et al., 2009; Cziupka et al., 2010; Zhu et al., 2011) . These data col lectively demonstrate that TRAIL plays a role in inducing apoptosis in different cell types in pulmonary inflammation and infection models.
Despite the increased acknowledgment that TRAIL is a key player in several immune reactions within the lung, there are currently no data available regarding the role of TRAIL in macrophage apoptosis and disease progression in bacterial pneumonia induced by the major prototype lung tropic pathogen, S. pneumoniae. Our data reveal a novel neutrophilmacrophage cross talk mechanism by which al veolar accumulating neutrophils responding to the infec tion secrete TRAIL that induces alveolar macrophage apoptosis and regulates bacterial killing subsequent to pneumococcal JEM Vol. 209, No. 11
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TRAIL deficiency results in necrotic death of lung macrophages in response to pneumococcal infection TRAIL induces apoptosis in various target cell populations via DR5 ligation (Falschlehner et al., 2009; Gonzalvez and Ashkenazi, 2010) , so we next examined the kinetics of BAL fluid macrophage cell death in S. pneumoniae-infected WT and Trail / mice. Alveolar macrophages of WT mice pri marily underwent apoptotic cell death, peaking by 24 h after infection, whereas alveolar macrophages of Trail / mice demonstrated a significantly reduced frequency of apoptotic cell death that did not substantially increase over the evalu ated period of time after infection (Fig. 3 A) . Consistent with the observed decreased apoptosis in alveolar macrophages in vivo, purified Trail / alveolar macrophages showed reduced caspase 3 activation after challenge with S. pneumoniae in vitro, relative to WT macrophages (Fig. 3 C) . WT macrophages also responded with increased TRAIL protein production Both WT and Trail / mice responded with a significant depletion of resident alveolar macrophages in their bron choalveolar space after infection with S. pneumoniae, with no overt differences noted between groups (Fig. 2 D) . We also observed similar numbers of alveolarrecruited exu date macrophages in BAL fluids of WT and Trail / mice (Fig. 2 E) . Notably, TRAIL deficiency did not affect alveo lar neutrophil recruitment (Fig. 2 F) , i.e., when major dif ferences in bacterial loads between WT and Trail / mice were observed (Fig. 1, B and C) . Interestingly, the peak of alveolar neutrophil accumulation observed in WT mice at 12-24 h after infection coincided with peak TRAIL mRNA and protein levels in total BAL cells, which con sisted of >95% neutrophils. Thus, these data suggest that primarily alveolarrecruited neutrophils contributed to the observed rise in TRAIL in the lungs of WT mice infected with S. pneumoniae (Fig. 2 , A-C). Figure 1 . Effect of TRAIL on survival and bacterial clearance in mice infected with S. pneumoniae. WT and Trail / mice were infected with S. pneumoniae (10 7 CFU/mouse). Survival at the indicated time points after infection (A; n = 10 mice per group) and bacterial loads of S. pneumoniae (B and C) in lung tissue, and BAL fluids were measured at the indicated time points. Values in B and C are shown as mean ± SEM of n = 5-8 mice (6 and 12 h after infection) or n = 10-13 mice (24-72 h after infection) per treatment group. Experiments in A-C were performed two times. (D) Lung permeability (arbitrary units, AU) was measured at 48 h in WT and Trail / mice infected with S. pneumoniae. Data in D are given as mean ± SEM of n = 3 mice per group, and the experiment was repeated two times with similar results. *, P < 0.05; **, P < 0.01; ***, P < 0.001, relative to WT mice. WT mice were either mock-infected or were infected with S. pneumoniae (10 7 CFU/mouse). At the indicated time points, mice were subjected to BAL and lungs were removed. Unfractionated BAL cells (A) and lung tissue from washed lungs (B) were subjected to real-time RT-PCR analysis of TRAIL mRNA expression or ELISA analysis of soluble TRAIL protein expression in BAL fluids (C). Values are shown as mean ± SEM of n = 3 mice for TRAIL mRNA analysis (A and B), and n = 6 mice for analysis of soluble TRAIL in BAL fluids (C). The experiment was repeated two times with similar results. ++, P < 0.01 relative to baseline (0 h) values. (D-E) Resident alveolar macrophages (D), inflammatory-recruited exudate macrophages (E), and neutrophils (F) determined in BAL fluids of S. pneumoniae-infected WT and Trail / mice. Values are shown as mean ± SEM of n = 5-8 mice (6 and 12 h after infection) or n = 10-13 mice (24-72 h after infection) per time point and treatment group. Results are representative of two independently performed experiments. *, P < 0.05; **, P < 0.01 relative to WT mice. +, P < 0.05; ++, P < 0.01, relative to baseline (0 h) values.
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(control, 3.4 pg/ml; 0.5 h after infection, 17 ± 2 pg/ml; 2 h after infection, 21 ± 1 pg/ml; P < 0.05 versus control macro phages) after challenge with S. pneumoniae, suggesting that increased caspase 3 activation (and hence apoptosis induc tion) observed in WT macrophages was induced by TRAIL under these in vitro conditions. Importantly, there was a substantially increased frequency of necrotic macrophages in the BAL fluids of Trail / mice as early as 12 h after pneumococcal challenge (Fig. 3 B) , relative to WT mice. We did not observe differences in apoptosis and necrosis induction in alveolar neutrophils collected from WT compared with Trail / mice infected with S. pneumoniae (unpublished data). The similar CFU observed in the lungs of WT and Trail / mice at 12 h (Fig. 1 C) would suggest direct S. pneumoniae-mediated cytotoxicity was not the cause of the increased necrosis in the Trail / macrophages. Therefore, these data suggest that the lack of TRAIL resulted in a shift from antiinflammatory apoptosis to proinflammatory necrosis of macrophages in the lung.
TRAIL deficiency results in an excessive lung inflammatory response after pneumococcal infection
Based on the observed defects in bacterial pathogen elimi nation and reduced alveolar macrophage apoptosis in S. pneumoniae-infected Trail / mice, we hypothesized that Trail / mice would exhibit hyperinflammatory responses after S. pneumoniae infection. Indeed, we observed a significant increase in TNF, IL6, KC, and IFN in the lungs of Trail / mice relative to WT mice beginning at 48 h after infection (Fig. 4) . These data support a critical role of TRAIL for regulation of proinflammatory cytokine responses during pneumococcal pneumonia in mice.
TRAIL is expressed on the cell surface of lung macrophages but not neutrophils in response to S. pneumoniae TRAIL not only exists as a membranebound molecule, but also as a soluble protein released upon cleavage of the mem branous protein (Mariani and Krammer, 1998) . Given that only macrophages, but not neutrophils, had increased ne crosis induction in Trail / mice, we examined the relative contribution of macrophages versus neutrophils to mediate the observed TRAILdependent effects during pneumo coccal pneumonia. TRAIL and DR5 expression was ana lyzed on lung professional phagocyte subsets in mockinfected and S. pneumoniaeinfected WT mice. As shown in Fig. 5 , resident alveolar macrophages and exudate macrophages Values are shown as mean ± SEM of n = 6 mice per time point and treatment group. Experiments in A and B were performed three times with similar results. Semiquantitative immunoblot analysis in C is representative of two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001, relative to WT mice. mice after infection with S. pneumoniae, whereas BAL fluid neutrophils and neutrophils in lung tissue and peripheral blood, as well as Gr1 neg blood monocytes but not Gr1 pos blood monocytes, lacked both TRAIL and DR5 on their cell surface before and after infection with S. pneumoniae (Fig. 5, . Notably, the used antiDR5 anti body did not stain lung macrophages of S. pneumoniae-infected Dr5 / mice (unpublished data).
Neutrophils are an important source of secreted TRAIL, mediating macrophage apoptosis during pneumococcal pneumonia Neutrophils produce and release soluble TRAIL upon inflam matory activation (Tecchio et al., 2004; Kemp et al., 2005; Cassatella et al., 2006; Simons et al., 2007) , so we examined to what extent neutrophils contributed to the TRAIL response to (but not alveolarrecruited neutrophils) expressed TRAIL on their cell surface upon pneumococcal challenge. In addi tion, resident lung macrophages (i.e., macrophages remain ing in lung tissue after BAL) and inflammatory recruited lung exudate macrophages expressed TRAIL after pneumo coccal infection (Fig. 5 , A-E), whereas the used antiTRAIL antibody did not bind to lung macrophages from Trail / mice (unpublished data). Gr1 pos inflammatory monocytes in peripheral blood (precursors of lung exudate macro phages) upregulated TRAIL expression after pulmonary S. pneumoniae infection, whereas circulating blood neutro phils and neutrophils in lung tissue did not (Fig. 5, . Assessment of DR5 on lung professional phagocyte subsets revealed increased DR5 expression on resident alveolar macrophages and exudate macrophages, and even more so on lung macrophages and lung exudate macrophages of WT Figure 4 . Effect of TRAIL deficiency on the release of proinflammatory cytokines in the lungs of S. pneumoniae-infected mice. WT and Trail / mice were infected with S. pneumoniae (10 7 CFU/mouse), followed by BAL at the indicated time points. TNF (A), IL-6 (B), KC (C), and IFN- (D) were analyzed in BAL fluids by ELISA, as indicated. Values are shown as mean ± SEM of n = 5-8 mice for 6 and 12 h after infection, and n = 10-13 mice for 24-72 h after infection (n = 3 for 0 h) per treatment group. Data are representative of two independent experiments. *, P < 0.05; **, P < 0.01 relative to WT mice. +, P < 0.05; ++, P < 0.01; +++, P < 0.001 relative to baseline (0 h) values.
We further examined the role of neutrophilderived TRAIL to induce apoptosis in macrophages during pneu mococcal pneumonia. Depletion of neutrophils before pneu mococcal challenge (Fig. 6 C) led to significantly reduced amounts of TRAIL in BAL fluids of S. pneumoniae-chal lenged mice (Fig. 6 D) , which also significantly reduced macrophage apoptosis 24 h after infection (Fig. 6 E) . Chal lenge of neutropenic WT mice with heatinactivated S. pneumoniae also resulted in significantly reduced macrophage apoptosis 24 h after infection (Fig. 6 F) , further supporting the S. pneumoniae. Quantitative RTPCR revealed >6fold higher TRAIL transcript levels in flowsorted alveolar neutrophils relative to alveolar macrophages collected 24 and 48 h after infection from the same mice (Fig. 6 A) . Moreover, cellfree culture supernatants from BMderived neutrophils challenged with S. pneumoniae in vitro contained highly elevated TRAIL protein levels compared with equally infected BMderived macrophages (BMDM) 24 h after infection (Fig. 6 B) . To gether, these data suggest neutrophils are the primary source of TRAIL in the lungs of S. pneumoniae-infected mice. . Effect of neutrophil depletion on macrophage apoptosis after challenge with live or heatinactivated S. pneumoniae. WT mice were infected with S. pneumoniae (10 7 CFU/mouse). At 24 and 48 h after infection, mice were subjected to BAL, and sorted alveolar macrophages and alveolar-recruited neutrophils were subjected to real-time RT-PCR analysis of TRAIL mRNA levels. (A) Fold change of TRAIL mRNA in alveolarrecruited neutrophils relative to alveolar macrophages from the same mice infected with S. pneumoniae, as indicated. Due to the lack of neutrophils in untreated mice, a 0-h time point could not be included in A. (B) BM-derived neutrophils and BMDMs were either mock infected or were infected with S. pneumoniae (MOI 1). After 24 h, the amount of soluble TRAIL in culture supernatants was determined by ELISA. (C-F) Mice were pretreated with isotype control Ab or neutrophildepleting antibody (anti-Ly-6G, clone 1A8) i.p. at 12 h and 2 h before either infection with live S. pneumoniae (5 × 10 6 CFU/mouse; C-E) or heat-inactivated S. pneumoniae (dose equivalent to 1.5 × 10 7 CFU/mouse; F). After 24 h, numbers of alveolar-recruited neutrophils were determined (C), the effect of neutrophil depletion on TRAIL protein levels in BAL fluids of mice was determined (D), and the percentage of apoptotic macrophages after infection with live (E) or heat-inactivated S. pneumoniae (F) was analyzed. Values are shown as mean ± SEM of n = 5 (C-F) mice per time point and treatment group. The results are representative of two independent experiments. *, P < 0.05; **, P < 0.001; ***, P < 0.001, relative to WT mice.
concept that the reduction in amount of TRAIL protein (as a consequence of neutropenia), rather than direct cyto toxic effects of pneumococci, contributed to the observed reduced macrophage apoptosis in BAL fluids of neutropenic mice. Collectively, the data in Fig. 6 show that (a) neutro phils are an important source of soluble TRAIL in the lungs of S. pneumoniae-challenged mice, (b) neutro philderived TRAIL induces apoptosis in S. pneumoniaeinfected alveolar macrophages, and (c) macrophages in neutropenic WT mice undergo necrotic cell death in response to in fection with S. pneumoniae.
Pulmonary TRAIL therapy improves survival of mice challenged with S. pneumoniae
In an effort to explore the therapeutic efficacy of TRAIL as apoptosisinducing cytokine to attenuate disease severity during pneumococ cal pneumonia, WT mice were infected with S. pneumoniae and then received a single ther apeutic application of recombinant murine TRAIL into the lungs 6 h after infection. There was significantly increased apoptosis of resi dent alveolar macrophages 12 h after infection, followed by a delayed, but significant increase in apoptotic exudate macrophages peaking at 24 h after infection (Fig. 7, A and B) . This increase in TRAILdependent macrophage apoptosis was accompa nied by significantly decreased lung bacterial loads at 48 and 72 h after infection, relative to vehicletreated WT mice (Fig. 7, C and D) . Notably, therapeutic application of recombinant TRAIL at 12 h after infection still resulted in Values in E are shown as mean ± SEM of triplicate determinations, with independent experiments repeated two times. *, P < 0.05; **, P < 0.01, relative to vehicle-treated macrophages. (F-K) Effect of therapeutic treatment with vehicle (solid line in F; open bars in G and I-K) or single rmTRAIL (2.5 µg/mouse, applied at 6 h after infection; dashed line in F; filled bars in G and I-K) on survival of mice infected with S. pneumoniae (high-dose challenge, 1.5 × 10 7 CFU/mouse). Survival was monitored during an observation period of 8 d (n = 16 mice per treatment group). For histopathological assessment of lung injury, the percentage of inflamed lung tissue was calculated in HE-stained lung tissue sections of mice of the two treatment groups (n = 3 mice per group) at day 7 after infection (G and H). Representative photographs are shown at 2.5× original magnification (Bar, 500 µm) using an Axiovert 200 M microscope. (I and J) At the indicated time-points, mice were subjected to BAL for enumeration of alveolarrecruited neutrophils (I) and recruited exudate macrophages (J) and for determination of BAL fluid CCL2 levels (K). Data in F-K are representative of two independent experiments with similar results. Values in I-K are shown as mean ± SEM of n = 5-6 mice per time point and treatment group. *, P < 0.05, relative to vehicle-treated WT mice.
significantly decreased bacterial loads in BAL fluids of mice at 48 h after infection (vehicletreated: 2.4 ± 0.4 × 10 4 CFU versus TRAILtreated mice: 4 ± 2 × 10 3 ; n = 4; P < 0.03; representative of two independent experiments performed). Moreover, alveolar macrophages exhibited a significantly in creased pneumococcal killing in the presence of recombinant TRAIL (Fig. 7 E) , demonstrating that TRAILinduced mac rophage apoptosis directly results in the killing of phagocy tosed pneumococci. Even more important was the finding that a single therapeutic instillation of recombinant TRAIL into the lungs 6 h after highdose challenge with S. pneumoniae (1.5 × 10 7 CFU/mouse) resulted in dramatically improved Therapeutic application of agonistic anti-DR5 antibody MD5-1 improves survival of intact and neutrophil-depleted mice challenged with S. pneumoniae The data presented to this point support our hypothesis that alveolarrecruited neutrophils are a major source of intraalveolar released TRAIL, which directs infected macro phages toward apoptotic cell death during pneumococcal pneumonia. With this in mind, we examined the efficacy of an agonistic antiDR5 mAb (MD51), instead of recombinant TRAIL, to exert protective effects in S. pneumoniae-infected WT mice with a normal hematopoietic system, but also in neutropenic WT mice. Single therapeutic application of ago nistic MD51 mAb substantially improved survival of intact WT mice given a highdose challenge with S. pneumoniae, but also significantly improved survival of S. pneumoniaechallenged neutropenic mice (Fig. 8, A and B) . MD51 therapy of S. pneumoniae-infected WT mice recapitulated the effects survival relative to vehicletreated mice (Fig. 7 F) . Histo pathological examination of lung tissue sections of S. pneumoniae-infected WT mice receiving TRAIL therapy revealed substantially reduced consolidated infiltrates and inflamed lung tissue compared with vehicletreated mice at day 7 after infection (Fig. 7, G and H) . Moreover, ther apeutic application of TRAIL strongly promoted the lung resolution/repair process, as judged by (a) decreased neu trophil counts in the lungs of mice at 48 h after infection and (b) significantly increased recruitment of exudate macro phages observed at 72 h after infection coinciding with (c) significantly increased levels of the monocyte chemoattrac tant protein, CCL2 in BAL fluids of WT mice (Fig. 7, I-K) . Collectively, these data show that TRAIL therapy regulates alveolar macrophage apoptosis and early bacterial killing, with major beneficial effects on severity and outcome of pneumococcal pneumonia. Wild-type mice were either left untreated (A) or were made neutropenic by i.p. injection of neutrophil-depleting 1A8 antibody (B) applied at 12 h and 2 h before infection with S. pneumoniae (10 7 CFU/mouse and 3-4 × 10 6 CFU/mouse, respectively). 6 h after infection, mice received a single intratracheal application of control IgG or agonistic anti-DR5 mAb (MD5-1; 75 µg/mouse), and survival (n = 10 mice per group) was recorded over time. Data in A and B are representative of two to three independent experiments. (C-F) WT mice were infected with S. pneumoniae (5 × 10 6 CFU/mouse). 6 h after infection, mice either received a single intratracheal instillation of control IgG (white bars) or agonistic anti-DR5 antibody MD5-1 (75 µg/mouse; black bars). At 24 h after infection, induction of apoptosis was analyzed in resident alveolar macrophages (C) and exudate macrophages (D) by flow cytometry, and respective bacterial loads were determined at 24 and 72 h after infection both in BAL fluids (E) and lung tissue (F), as indicated. The data in (C-F) are shown as mean ± SEM of n = 3 mice per time point and treatment group and are representative of two independent experiments with similar results. *, P < 0.05; **, P < 0.01, relative to control IgG.
was present, alveolar macrophages died predominately by apoptosis in response to S. pneumoniae, whereas Trail / mac rophages primarily underwent necrotic cell death. Second, consistent with this finding, lung macrophages of WT mice responded with increased DR5 expression after S. pneumoniae infection, presumably becoming more responsive to TRAIL mediated apoptosis. Third, caspase 3 cleavage acting down stream of DR5 signaling was induced primarily in WT macrophages after S. pneumoniae challenge in vitro, again sup porting the view that absence of TRAIL during pneumo coccal pneumonia fails to trigger apoptosis in macrophages that cannot be compensated by other death receptor signaling pathways, such as the Fas-Fas ligand axis (Ali et al., 2003; MatuteBello et al., 2005) . We did not observe any differences in the apoptosis/necrosis rate of alveolarrecruited neutro phils in S. pneumoniae-infected WT and Trail / mice, as well as WT mice receiving TRAIL therapy, which is consistent with the finding that neutrophils express little to no DR5.
In contrast to WT mice, S. pneumoniae-infected Trail / mice were characterized by: macrophages undergoing ne crotic cell death, significantly increased levels of proinflam matory cytokines in BAL fluids, increased lung tissue damage, increased bacterial burdens, and increased mortality. These data lead us to conclude that TRAIL directs the fate of S. pneumoniae-infected alveolar macrophages toward apop totic cell death, thereby favoring a diminished viability of phagocytosed bacteria and their subsequent elimination from distal lung air spaces after pneumococcal challenge. This con cept is strongly supported by the reported therapeutic efficacy profile of both recombinant TRAIL and agonistic MD51 antibody, both of which induced increased apoptotic cell death of macrophages, concomitantly reduced lung bacterial loads, and significantly improved survival of mice after high dose challenge with S. pneumoniae.
Host cell apoptosis has been identified as a protective mechanism in various viral and (myco) bacterial infection models, as targeted apoptosis induction in infected host cells hinders intracellular spread of bacterial and viral pathogens (Clem and Miller, 1993; Antoni et al., 1995; Leemans et al., 2001; Behar et al., 2011) . Studies on macrophage apoptosis in lung protective immunity against inhaled bacterial pathogens have widely used liposomal encapsulated clodronate as an experimental tool. However, clodronate liposomes deplete virtually all lung macrophage subsets, and as such are delete rious for the lung host defense against extracellular pathogens such as Klebsiella pneumoniae or S. pneumoniae (BrougHolub et al., 1997; Knapp et al., 2003) . In contrast, the current study illustrates that a defined and limited macrophage apoptosis induction in the lungs of mice, as induced by treatment with TRAIL or agonistic antiDR5 mAb had a major therapeutic effect on the survival of lethal pneumococcal pneumonia. Thus, the timing and mode of apoptosis induction in lung sentinel cells are two critical determinants affecting the sur vival of severe pneumonia. Our study is also the first to report that even neutropenic hosts could survive fatal pneumococcal lung infection upon activation of the TRAIL-DR5 axis. on apoptosis induction in resident and exudate macrophages as reported for recombinant TRAIL therapy, accompanied by significantly reduced bacterial loads in lungs of WT mice at 72 h after infection (Fig. 8, C-F) . Collectively, these data show the therapeutic efficacy of MD51 dependent activa tion of the TRAIL-DR5 axis in neutropenic hosts, acting as a compensatory tool for the lack of neutrophilderived TRAIL. This strategy may thus be a valuable therapeutic approach for the treatment of neutropenic, immunocom promised patients.
DISCUSSION
In this study, we investigated the importance of the TRAIL-TRAIL receptor system in lung macrophage apoptosis and its impact on lung protective immunity against the prototypic lung pathogen S. pneumoniae. Trail / mice showed signifi cantly increased mortality compared with WT mice upon infection with S. pneumoniae. Moreover, lung macrophages from Trail / mice underwent necrotic death after infection with S. pneumoniae, which was in contrast to WT mice that had lung sentinel cells undergo apoptotic death after bacterial challenge. This scenario of increased necrotic cell death in Trail / mice was accompanied by increased bacterial burden and proinflammatory cytokines in their lungs. Examination of TRAIL expression by lung professional phagocyte subsets re vealed that in addition to TRAILexpressing alveolar and lung macrophages, alveolarrecruited neutrophils in S. pneumoniaeinfected mice were identified as a major source of secreted TRAIL within the bronchoalveolar compartment. Based on these data, we believe that soluble TRAIL released from al veolar accumulating neutrophils is largely responsible for in ducing apoptotic cell death in alveolar and lung macrophages in response to S. pneumoniae to limit both bacterial spread and proinflammatory responses. In support of this hypothesis, we show for the first time that therapeutic application of recom binant murine TRAIL or agonistic antiDR5 mAb substan tially improved the survival of both normal and neutropenic WT mice after highdose challenge with S. pneumoniae. Therefore, activation of the TRAIL-DR5 axis may represent a novel therapeutic avenue for the treatment of lifethreatening pneumococcal pneumonia particularly, but not exclusively, in immunocompromised patients.
A prominent feature of pneumococcal lung infection is the rapid apoptotic cell death of lung macrophages in the early phase of infection, which is considered an important step in limiting infectioninduced lung inflammation and acute lung injury (Paton, 1996; Dockrell et al., 2003; Maus et al., 2004 Maus et al., , 2007 Marriott et al., 2006; Winter et al., 2007; Taut et al., 2008; Hahn et al., 2011b) . TRAIL induces apop tosis in various leukocyte subsets, as well as lung barrier cells (Katsikis et al., 1997; Renshaw et al., 2003; Zheng et al., 2004; Lum et al., 2005; McGrath et al., 2011; Zhu et al., 2011) . Therefore, we hypothesized that TRAIL might un derlie the observed apoptotic death of lung macrophages after infection with S. pneumoniae. Several observations of the current study support this concept. First, when TRAIL S. pneumoniae-infected mice and substantially reduced TRAIL mediated macrophage apoptosis. Together, these data also suggest a previously unrecognized TRAIL-DR5dependent neutrophilmacrophage cross talk, which offers promising perspectives for therapeutic interventions even in immuno compromised, neutropenic patients.
In summary, we show that apoptosis of lung macrophages in pneumococcal pneumonia is mediated by neutrophilderived TRAIL, which exerts important antiinflammatory effector functions in pneumococcal pneumonia in mice. Moreover, we for the first time show that therapeutic engagement of the TRAIL-DR5 axis by either application of recombinant TRAIL or agonistic antiDR5 antibody exerts major protective effects on survival of mice subjected to severe pneumococcal pneu monia. These findings may direct the development of novel antibacterial treatment options for neutropenic patients.
MATERIALS AND METHODS
Mice.
Trail / mice, backcrossed >10 generations onto the C57BL/6 (The Jackson Laboratory) background, have been previously characterized (Sedger et al., 2002; Griffith et al., 2011) . As a reference strain, WT C57BL/6 mice purchased from Charles River were used. In selected experiments designed to assess the specificity of the antiDR5 antibody used, Dr5 / mice (Finnberg et al., 2005; Gurung et al., 2011) backcrossed for >10 generations onto the C57BL/6 background were used. Mice were kept under conventional con ditions with free access to food and water, and were used for the described experiments at 8-12 wk of age. This study was performed in accordance with the guidelines of the Animal Care and Use Committee of the Central Animal Facility at Hannover School of Medicine. Animal experiments were approved by the Lower Saxony State Office for Consumer Protection and Food Safety, Hannover, Germany.
Reagents. Rabbit anticleaved caspase 3 (clone 5A1) and anti-caspase 3 an tibody were purchased from Cell Signaling Technologies. Mouse anti-actin antibody (clone AC15) was purchased from SigmaAldrich. Peroxidase conjugated donkey anti-rabbit polyclonal IgG (H+L) and peroxidase conjugated goat anti-mouse polyclonal IgG (H+L) were purchased from Jackson ImmunoResearch Laboratories. All antibodies used for flow cytom etry, including antiCD11c PECy5.5, antiCD11b PECy7, antiLy6G/ Ly6C (Gr1) PECy7, and antiLy6G/Ly6C (Gr1) FITC, were pur chased from BD. AntiF4/80 FITC and antiF4/80 APC were purchased from Serotec. AntiTRAIL PE and antiDR5 PE were purchased from eBioscience. The MACS kit and CD11c beads for purification of CD11c + cells from lung parenchymal tissue were purchased from Miltenyi Biotec. In selected experiments, neutrophilspecific mouse anti-Ly6G antibody (clone 1A8) was used for in vivo neutrophil depletion, according to recent proto cols (Hahn et al., 2011a) . Rat IgG2a isotype antibody (clone 2A3) was used as control (both from BioXCell). Recombinant murine TRAIL was pur chased from R&D Systems. Agonistic antiDR5 mAb MD51 was purified from hybridoma culture supernatants. Isotype control IgG for in vivo studies was purchased from eBioscience.
Culture, quantification, and infection of mice with S. pneumoniae. Throughout this study, we used a capsular group 19 S. pneumoniae strain EF3030. In selected experiments, a virulent serotype 2 S. pneumoniae strain D39 was used, as indicated (Briles et al., 2003; Winter et al., 2007; Henken et al., 2010b) . Bacteria were grown in ToddHewitt broth (Oxoid) supple mented with 20% FCS, and aliquots were snapfrozen in liquid nitrogen and stored at 80°C. S. pneumoniae stocks were quantified by plating serial dilu tions on sheep blood agar plates (BD), followed by incubation at 37°C/5% CO 2 for 18 h and subsequent determination of CFU Winter et al., 2007; Henken et al., 2010b ).
In addition, we provide evidence of a novel TRAIL-DR5 dependent neutrophil-macrophage cross talk that further expands the nonoxidative antibacterial repertoire of neu trophils in lung bacterial infections.
In the current study, we observed that TRAIL therapy increased CCL2 in BAL fluids of mice, along with increased alveolar recruitment of exudate macrophages and an im proved inflammation resolution subsequent to pneumococ cal challenge. Inflammatory exudate macrophage recruitment is regulated by the CCL2-CCR2 axis and critically contrib utes to the resolution/repair phase after pneumococcal chal lenge , making it likely that increased numbers of CCL2elicited exudate macrophages contrib uted to the observed improved resolution/repair process and survival of WT mice treated with recombinant TRAIL. Mechanistically, CCR2expressing macrophages regulate intraalveolar CCL2 levels during lung inflammation (Maus et al., 2005) . Therefore, the observed increase in intraalveolar CCL2 and concomitant increase in exudate macrophage re cruitment observed in S. pneumoniae-infected, TRAIL treated mice were most likely caused by TRAILdependent apoptosis of CCR2expressing resident alveolar macro phages that led to increased intraalveolar CCL2 release and subsequent lung exudate macrophage recruitment. Hence, we believe the improved lung resolution/repair process ob served in response to TRAIL therapy is most likely an indi rect consequence of the current treatment regimen.
Previous studies demonstrated TRAILinducing apop tosis in human and murine neutrophils in various models, in cluding LPSinduced acute lung injury and zymosaninduced peritonitis (McGrath et al., 2011) ; however, we did not ob serve any differences in neutrophil apoptosis induction in WT and Trail / mice infected with S. pneumoniae. Moreover, we were unable to detect either TRAIL or DR5 on the cell surface of peripheral blood neutrophils or alveolarrecruited neutrophils of S. pneumoniae-infected mice, contrary to the observed TRAIL and DR5 expression on Gr1 pos inflam matory monocyte subsets in peripheral blood. It appears un likely that inflammatory activation of elicited neutrophils triggered TRAIL cleavage or DR5 downregulation on al veolar neutrophils in WT mice, as both of these molecules were detectable on macrophages collected from the same in flammatory microenvironment. We cannot exclude the possi bility that DR5 expression on alveolarrecruited neutrophils was below detectable levels measured by flow cytometry, so a role for TRAIL in mediating neutrophil apoptosis during pneumococcal pneumonia remains unknown. By compari son, our data suggests neutrophils were a major source for soluble TRAIL released within the alveolar space, as alveo larrecruited neutrophils demonstrated more than sevenfold increased TRAIL mRNA levels relative to alveolar macro phages by 24 h after infection. Equal cell numbers of BM derived neutrophils released significantly more TRAIL into cell culture supernatants relative to BMDMs infected with S. pneumoniae, and depletion of neutrophils substantially decreased the amount of soluble TRAIL in BAL fluids of and cell acquisition was performed on a FACSCanto flow cytometer (BD). First, CD11c + mononuclear phagocyte subsets purified from lung homoge nates and BAL fluids of S. pneumoniaeinfected mice were gated according to their forward scatter (FSC)/side scatter (SSC) and FSC/autofluorescence properties. Highly autofluorescent cells were further characterized as alveolar macrophages (contained in BAL fluid) or lung macrophages (remaining in lung tissue after BAL) according to their F4/80 + /CD11c + /CD11b expres sion profile or as autofluorescent exudate macrophages in BAL fluid or lung tissue based on their additional CD11b expression (F4/80 + /CD11c + / CD11b + ). Neutrophils were gated according to their FSC/SSC and Gr1 cell surface expression. In addition, cell surface expression of TRAIL or DR5 was analyzed on alveolar and lung macrophages, exudate macrophages, and neutrophils. To verify binding specificity of the used antiTRAIL and -DR5 antibodies, in selected experiments, macrophages collected from the lungs of S. pneumoniae-infected (5 × 10 6 CFU/mouse, 48 h) Trail / and Dr5 / mice were stained with PEconjugated antiTRAIL and antiDR5 antibodies. Data analysis and after acquisition compensation of spectral over laps between the various fluorescence channels was performed using BD FACSDiva software.
Depletion of neutrophils. Neutrophil depletion was achieved by i.p. in jection of 250 µg antiLy6G Ab (clone 1A8; BioXCell) at 12 h and 2 h before infection of mice with S. pneumoniae. Control mice received equal amounts of isotype control Ab (clone 2A3). In selected experiments, neutro penic mice were infected with S. pneumoniae (3 × 10 6 CFU/mouse), fol lowed by a single intratracheal application of agonistic MD51 or control IgG at 6 h after infection.
Determination of lung permeability. Mice received an intravenous in jection of FITClabeled human albumin (1 mg/mouse in 100 µl saline; SigmaAldrich) 1 h before sacrifice. Subsequently, undiluted BAL fluid sam ples and serum samples (diluted 1/10 in saline) were placed in a 96well mi crotiter plate, and fluorescence intensities were measured using a fluorescence spectrometer (FLx800 microplate fluorescence reader; BioTek) operating at 485 nm absorbance and 528 ± 20 nm emission wavelengths. The lung per meability index is defined as the ratio of fluorescence signals of undiluted BAL fluid samples relative to fluorescence signals of 1/100 diluted serum samples (Henken et al., 2010a) .
Analysis of apoptosis/necrosis induction in macrophages and neutrophils. Analysis of apoptosis and necrosis induction in resident alveolar macrophages and inflammatory recruited exudate macrophages and neutro phils was done by incubation of BAL cells with APClabeled Annexin V and propidium iodide for 15 min at room temperature, according to the manu facturer's instructions (BD). Subsequently, alveolar macrophages were gated according to their FSC/SSC, FSC/F4/80FITC, and CD11bPECy7 cell surface expression, and neutrophils were gated according to their FSC/SSC and Gr1PECy7 cell surface expression profiles followed by determination of the percentage of early apoptotic resident alveolar macrophages and alve olar exudate macrophages (Annexin V+/PI), and necrotic alveolar macro phages and alveolar exudate macrophages (PI+/Annexin V), as previously described (Taut et al., 2008; Steinwede et al., 2011) .
Determination of TRAIL and caspase 3 activation in lysates of S. pneumoniae-infected alveolar macrophages. Alveolar macrophages isolated by BAL from untreated mice were seeded in 24well plates (10 6 cells/ well). After 1 h, nonadherent cells were removed by two washing steps with cell culture medium and adherent alveolar macrophages were then either mockinfected or infected with S. pneumoniae (MOI = 2) for 30 min or 2 h in RPMI 1640 medium/10% FCS/1% glutamine at 37°C/5% CO 2 . At in dicated time points, cell culture supernatants were collected for quantifica tion of TRAIL protein by ELISA, and after washing, alveolar macrophages were lysed in PBS containing protease inhibitor cocktail (Roche) by sonica tion for 10 s on ice (UW 2200; Bandelin Electronics) or with icecold lysis buffer containing protease inhibitors, as described previously (Srivastava et al., 2008) .
Intratracheal infection with S. pneumoniae at the respective infection doses was performed essentially as previously described (Henken et al., 2010b; Steinwede et al., 2011; Weber et al., 2012) . Mockinfected mice received intratracheal instillations of PBS only. After infection, mice were returned to their cages and monitored daily for disease symptoms. Survival of S. pneumoniae-infected mice was recorded daily during an observation period of 14 d. In some experiments, mice received intratracheal applications of heatinactivated (65°C, 30 min) pneumococci at a predefined multiplicity of infection (MOI), as indicated.
Determination of bacterial loads. Bacterial loads in BAL fluids of S. pneumoniae-infected mice were determined by plating 10fold serial dilutions of aliquots from the respective BAL fluid samples of each mouse on sheep blood agar plates (BD), followed by incubation at 37°C/5% CO 2 for 18 h. Subsequent to collection of BAL fluid, lung tissue was homogenized in 2 ml of HBSS without supplements using a tissue homogenizer (IKA), and 10fold serial dilutions of lung tissue homogenates were plated on sheep blood agar plates for CFU determination.
Therapeutic treatment of mice with recombinant murine TRAIL or MD5-1. After infection with S. pneumoniae, mice received a single intra tracheal application of either recombinant murine TRAIL (rmTRAIL, 2.5 µg/mouse, dissolved in 50 µl PBS/0.1% HSA) or vehicle (50 µl PBS/0.1% HSA), or agonistic antiDR5 antibody MD51 or control IgG (75 µg/mouse in PBS) under desfluran anesthesia (Baxter), as recently described (Steinwede et al., 2011) .
BAL and determination of BAL fluid leukocyte differentials. Total leukocyte numbers in BAL fluids were determined from wholelung washes of S. pneumoniae-infected mice. In brief, mice were euthanized with an overdose of Isoflurane (Baxter), and tracheas were exposed and cannulated with a shortened 20gauge needle that was firmly fixed to the trachea. 300µl aliquots of cold PBS supplemented with EDTA (Biochrom) were instilled, followed by careful aspiration, until a BAL fluid volume of 1.5 ml was collected. BAL was then continued until an additional BAL fluid volume of 4.5 ml was collected. Wholelung washes were subjected to centrifugation at 1,400 rpm (4°C, 10 min), and cell pellets were pooled to determine total numbers of BAL fluid leukocytes. Quantification of BAL fluid leukocyte subsets was done on differential cell counts of Pappenheimstained cytocen trifuge preparations, using overall morphological criteria, including cell size and shape of nuclei and subsequent multiplication of those values with the respective absolute BAL cell counts (Maus et al., 2002 Taut et al., 2008) . Quantification of resident or recruited mononuclear phagocyte sub sets (alveolar macrophages and exudate macrophages) and neutrophils recov ered by BAL from the lungs of mice of the various treatment groups was done using flow cytometric-based differences in their cell surface antigen expression profiles of F4/80, CD11b, CD11c, MHC II, and Gr1, as out lined below.
Isolation and immunophenotypic analysis of leukocyte subsets collected from lung tissue and peripheral blood. Lungs of S. pneumoniae-or mockinfected mice were subjected to BAL, followed by perfusion in situ via the right ventricle with HBSS until the lungs were visually free of blood. Lung lobes were carefully removed and digested with collagenase A and DNase I. Leukocyte subsets contained in lung homogenates were further purified using a CD11c MACS kit following the instructions of the manufacturer (Miltenyi Biotec), as previously described Taut et al., 2008) . The purity of isolated CD11c + cells was reproducibly 90%.
CD11c + mononuclear phagocyte subsets and neutrophils isolated from lung tissue and BAL fluids were immunophenotypically analyzed according to their cell surface antigen expression profiles. In brief, after preincubation with Octagam, 2-5 × 10 5 cells were stained with various combinations of fluorochromeconjugated antibody directed against the corresponding cell surface markers for 20 min at 4°C. Subsequently, cells were washed twice with FACS buffer (PBS/1% bovine serum albumine/0.2% sodium azide), used for determination of TRAIL mRNA in BAL cells, lung tissue, sorted alveolar macrophages or neutrophils were as follows: TRAIL, forward primer, 5GAAGACCTCAGAAAGTGGC3, and reverse primer: 5GAC CAGCTCTCCATTCCTA3; actin forward primer, 5CCACAGCT GAGAGGGAAATC3, and reverse primer, 5TCTCCAGGGAGGAA GAGGAT3. Mean foldchanges were calculated using the 2 Ct method (Livak and Schmittgen, 2001; Srivastava et al., 2007) .
Lung histopathology. Mice were euthanized and nonlavaged whole lungs were harvested and immediately submitted to immersion fixation in buffered formalin for 24 h at room temperature. After routine embedding, two whole lung sections from each lung lobe were cut into 3µm sections and stained with hematoxylin and eosin. The percentage of inflamed lung tissue areas was determined as mean values of affected areas per left and right lung lobes of individual mice using a Zeiss Axiovert 200 M microscope (Carl Zeiss).
ELISA. Cytokine concentrations in BAL fluids of S. pneumoniae-infected mice were determined using DuoSet ELISA kits for IL6, KC, and TNF, and Quantikine ELISA kit for IFN (R&D Systems). TRAIL ELISA kit was purchased from Cusabio. Detection limits of the used ELISA kits were: IFN, 9.4 pg/ml; IL6, 15.6 pg/ml; KC, 15.6 pg/ml; CCL2, 15.6 pg/ml; TNF, 31.2 pg/ml; TRAIL, 3.15 pg/ml.
Statistics. All data are given as mean ± SEM. Significant differences between treatment groups were analyzed using MannWhitneyU test. Survival curves were compared by logrank test. Statistically significant differences between treatment groups were assumed when P values were <0.05.
Subsequently, cell lysates of mockinfected or S. pneumoniae-infected alveo lar macrophages were used for Western blot analysis of native caspase 3, cleaved caspase 3, and actin using the antibody as specified in the Reagent section (Srivastava et al., 2008; Steinwede et al., 2011) . Expression of immuno genic proteins was determined by evaluation of enhanced chemilumines cence signals (ECL Plus; GE Healthcare) using a Vilber/Lourmat Chemismart 5000, and cleavage of caspase 3 was further quantified using the Bio1D soft ware package (Vilber/Lourmat Deutschland GmbH).
Isolation of BM-derived cells and stimulation with S. pneumoniae. Femurs and tibias were removed aseptically from untreated donor mice and flushed with RPMI 1640/10% FCS. BM cell suspensions were filtered through a 40µm nylon mesh to remove residual cell aggregates. Purification of neutrophils from BM cells was performed using an antiLy6G Micro Bead kit (Miltenyi Biotec) according to the manufacturer's instructions. For generation of BMDMs, BM cells were incubated overnight in cell culture dishes (Greiner BioOne) in RPMI 1640/ 10% FCS plus glutamine (2 mM), 1% penicillin/streptomycin at 37°C/5% CO 2 . After 24 h, nonadherent cells were centrifuged and resuspended in RPMI 1640. and then cultured in the presence of MCSF (50 ng/ml) to differentiate into BMDM. Medium was replaced with fresh medium containing MCSF on day 4. BMDM were harvested for further experiments on day 6 of culture. BMDM and isolated neutrophils were washed and resuspended in cell culture medium without antibiotics. Cells were seeded in 24well plates (2 × 10 6 cells/well) and incu bated for 24 h in medium alone (mock) or medium containing S. pneumoniae (MOI 1). Subsequently, culture supernatants were collected for quantifica tion of TRAIL protein by ELISA.
Phagocytosis and bacterial killing assay. Alveolar macrophages (2 × 10 5 cells/well) were infected with S. pneumoniae (MOI 50) for 30 min in RPMI 1640/10% FCS plus 1% glutamine at 37°C/5% CO 2 . Subsequently, non phagocytosed pneumococci were removed by four washing steps with HBSS, and either vehicle (PBS/ 0.1% HSA) or 10 ng/ml rmTRAIL dis solved in PBS/0.1% HSA was added to each well, followed by incubation at 37°C/5% CO 2 . After 90 min, alveolar macrophages were washed and lysed with 0.1% saponin in HBSS to release intracellular pneumococci. Subse quently, CFU were quantified by plating 10fold serial dilutions of cell ly sates on sheep agar plates followed by incubation of the plates at 37°C/5% CO 2 for 18 h. Control experiments included the addition of gentamicin (15 min) to kill nonphagocytosed, extracellular bacteria.
Flow sorting of alveolar macrophages and neutrophils. A highspeed FACSAria II flow cytometer (BD) equipped with an aerosol management system was used for sorting alveolar macrophages and neutrophils from S. pneumoniae-infected mice. In brief, after preincubation with Octagam, 2-5 × 10 5 BAL fluid cells were stained with fluorochromeconjugated antibody directed against the corresponding cell surface markers for 20 min at 4°C. Cells were then washed two times with FACS buffer and resuspended for sorting in RPMI. Alveolar macrophages and neutrophils were gated accord ing to their FSC/SSC and FSC/autofluorescence properties. Alveolar mac rophages were further gated according to their F4/80 + /CD11c + /CD11b  profile, and neutrophils were gated according to their Gr1 + /CD11b + ex pression. Cells were sorted aseptically at a flow rate 10,000 particles/sec, using an 85µm nozzle and switched on sample agitation. The complete sorting process was performed at a constant temperature of 4°C, followed by resort analysis to verify sort purities that routinely exceeded 98% purity Steinwede et al., 2011) .
Total cellular RNA isolation, cDNA synthesis, and real-time RT-PCR. Total cellular RNA was isolated from BAL cells, lung tissue, or flowsorted alveolar macrophages and neutrophils from mock or S. pneumoniae-infected mice at 24 h or 48 h after infection using an RNeasy Microkit (QIAGEN). 150,000 sorted alveolar macrophages or neutrophils were lysed, and 100 ng of purified total RNA were used for cDNA synthesis. Realtime RTPCR analysis was performed as recently described . Primers
